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Abstract 
A series gradual changing of protocrystalline phase of hydrogenated protocrystalline silicon/hydrogenated amorphous 
silicon (pc-Si:H/a-Si:H) multilayers is fabricated by periodically changing hydrogen dilution ratios (R = H2/SiH4). 
Protocrystalline phase can be well identified by Raman peak shift and the variation of dielectric function measured by 
spectroscopic ellipsometer. Increasing R can effectively increase the protocrystalline phase, optical energy gap, and 
reduce the density of films. More protocrystalline phase can suppress the photodegradation effects of the pc-Si:H/a-
Si:H multilayers solar cells, but reduce the initial efficiency. Therefore, the performance of cells could be optimised 
by suitable protocrystalline phase for obtaining good stability and efficiency.  
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1. Introduction 
Hydrogenated protocrystalline silicon (pc-Si:H) film is a promising materials for solar cells, which 
structure is gradually changed from amorphous phase to the boundary of amorphous and microcrystalline 
(a + c) mixed phase along the film growth direction. This gradually changed phase will stimulate the 
formation of nucleation sites, thus, which is named as protocrystalline phase [1-3]. Due to the incubation 
of the formation of nucleation sites and the following crystal grain growth, this region of protocrystalline 
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phase is also called as the incubation layer. In fact, the protocrystalline phase is a gradual changing phase 
from the amorphous phase of the initial film growth to the microcrystalline phase of the onset of crystal 
grain nucleation. Increasing hydrogen dilution can reduce the thickness of incubation layer. The gradual 
changing phase from the amorphous phase to the microcrystalline phase will happen in a thin-thickness 
region. Some reports show that the pc-Si:H structure can be used to improve the performance of solar 
cells [4-7]. However, for different hydrogen dilution, the formation of protocrystalline phase in a same 
fixed thickness within incubation layer is totally different. Therefore, to understand the influence of the 
pc-Si:H films on the performance of solar cells shall carefully identify the difference of the formation of  
protocrystalline phase of the films. 
  
In this work, we gradually change the hydrogen dilution ratio (R = H2/SiH4) to prepare a series of 
various protocrystalline phase of pc-Si:H films. Since the protocrystalline phase can only exist in the 
incubation region. In order to maintain the protocrystalline phase, pc-Si:H/a-Si:H multilayers were 
fabricated, in which 26-nm-thickness pc-Si:H sublayers and 13-nm-thickness a-Si:H sublayers are 
periodically deposited. The role of a-Si:H sublayers is to interrupt the continuous growth to limit the 
thickness of pc-Si:H sublayers, thus to maintain the protocrystalline phase [8-10]. The controlling of 
various protocrystalline phases of pc-Si:H/a-Si:H multilayers is obtained by a series changing of 
hydrogen dilution ratio R for deposition of pc-Si:H sublayers. The changing of protocrystalline phases of 
these pc-Si:H/a-Si:H multilayers are analysed by Raman spectrometer and spectroscopic ellipsometer 
(SE) [11, 12]. The I-V characteristics of the p-i-n solar cells with the i-layer of these pc-Si:H/a-Si:H 
multilayers are used to identify the influence of the different protocrystalline phase on the performance of 
solar cells and photodegradation effects.   
2. Experimental 
2.1. Sample preparation 
a-Si:H and pc-Si:H single-layer films, pc-Si:H/a-Si:H multilayers, p-i-n solar cells with i-layer of 
single-layer of a-Si:H or pc-Si:H, and of pc-Si:H/a-Si:H multilayers were prepared by a single-chamber 
13.56 MHz capacitive-type plasma-enhanced chemical vapour deposition (PECVD) system. The 
substrates used for films and solar cells characterisation were deposited on Corning 1737F glass and 
Asahi U-type glass, respectively. The substrate temperature, peak RF power and pressure for i-layer 
deposition were kept at 200oC, 20 W and 1 Torr, respectively. The pc-Si:H/a-Si:H multilayers were 
deposited with computer control of periodically changing hydrogen dilution ratios (R = H2/SiH4). The R 
ratio for pc-Si:H sublayer deposition was changed from 6, 8, 16 and 28 to control the formation of 
different protocrystalline phase. The R ratio for a-Si:H sublayer deposition was fixed at 4. In order to 
compare the variation of protocrystalline phase, the thickness of pc-Si:H sublayer is fixed at 26 nm, and 
that of a-Si:H sublayer is fixed at 13 nm. The total number of layers is 10, and the total i-layer thickness is 
390 nm. The thicknesses of p-layer and n-layer are 15 and 30 nm, respectively. The area of the p-i-n solar 
cells is 7.0710-2 cm2. 
2.2. Sample measurements 
Raman spectra were used to characterise the crystal phase change of the a-Si:H and pc-Si:H single-
layer films and pc-Si:H/a-Si:H multilayers, which were measured by a spectrometer of NT-MDT 
MS5400i with 632.8 nm wavelength and 2.27 mW output power. The dielectric function, optical energy 
band gap were measured and analysed by spectroscopic ellipsometer, which were carried out by a J.A. 
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Woollam M2000 with the angle of incidence 55° to 70° and the wavelength is from 190 to 1700 nm. The 
I-V characteristics of solar cells were measured under an ELH lamp illumination with a standard c-Si 
solar cell calibrated to about one sun condition. In order to control the same light intensity and the 
uniformity of illumination, the photodegradation rates of different solar cells were measured under the 
same outdoor sunlight illumination for 45 hours (from A.M. 9:00 to P.M. 3:00 per day). Quantum 
efficiency (QE) spectra were used to characterize the quantum efficiency of solar cells, which were 
measured by a TEO QE-3000 with a 150 W Xenon lamp illumination calibrated to about AM 1.5 
condition and the wavelength is from 300 to 900 nm. 
3. Results and discussion 
3.1. Structural properties of a-Si:H and pc-Si:H single-layer films 
Figure 1 shows the normalised Raman spectra of the i-layer a-Si:H (or pc-Si:H) films deposited with R 
ratio from 4 to 28, and the Raman peak positions are summarised in Table 1. As R ratio is increased from 
4 to 28, the Raman Peak at about 482 cm-1 of R = 4 sample is gradually shifted to 486 cm-1 of R = 28 
sample, indicating that the crystal phase of the film is changed from pure amorphous to protocrystalline. 
As listed in the Table 1, the Raman peak position of R ratio from 4 to 8 is about 482 cm-1, that the crystal 
phase of these films is pure amorphous. Further increasing R ratio from 16 to 28, the Raman peak position 
is obviously shifted to 484.4 and 485.5 cm-1, respectively. Low R ratio less than 8, the crystal structure of 
the films is mainly amorphous network. High R ratio large than 16, the crystal structure of the films 
contains more protocrystalline phase along the upper portion of film growth direction [13]. 
 
Fig. 1. The Raman spectra of the i-layer a-Si:H (or pc-Si:H) films deposited with R ratio from 4 to 28. 
Table 1. The Raman peak position of the i-layer a-Si:H (or pc-Si:H) films deposited with R ratio from 4 to 28. 
R  ratio peak position (cm-1) 
4 481.7 
6 482.0 
8 482.5 
16 484.4 
28 485.5 
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3.2. Optical properties of a-Si:H and pc-Si:H single-layer films 
Figure 2 displays dielectric functions of the i-layer a-Si:H (or pc-Si:H) films deposited with R ratio 
from 4 to 28. The peak position and peak height of dielectric constants of real part () and imaginary part 
() are summarised in Table 2. Increasing R ratio reduces peak intensity and shifts peak position toward 
higher energy of  and . Cabarrocas et al. [14] pointed out that the film with low film density would 
result in the peak movement of  and toward high-energy and decreasing of the peak height simul-
taneously. High R ratio induces the formation of more protocrystalline phase in the films, which have low 
film density. As shown in the insets of Fig. 2 and data of Table 2, the lower R ratios from 4 to 8 films 
have similar low-energy peak positions and high peak height of  at about 2.79 to 2.82 eV and 22.9, and 
of  at about 3.66 to 3.70 eV and 25.4 to 25.5.  In addition, the higher R ratios of 16 to 28 films have 
high-energy peak positions and low peak height of  at about 2.83 to 2.87 eV and 22.4 to 21.4, and of  
at about 3.68 to 3.75 eV and 24.9 and 23.8 eV. The results demonstrate that low R ratio films exhibit 
more amorphous phase, and high R ratio films contain more protocrystalline phase, resulting in low film 
density. The reduction of peak intensity at low-energy side of  and  corresponds to the low absorption 
of long-wavelength photons. High-energy peak positions and low peak height of dielectric constants 
correspond to the Raman peak shifted to high wavenumber. 
 
Fig. 2. (a) Real and (b) imaginary parts of the dielectric functions of the i-layer a-Si:H (or pc-Si:H) films deposited 
with R ratio from 4 to 28. 
Table 2. The peak position and peak height of  and  of the i-layer a-Si:H (or pc-Si:H) films deposited with R ratio 
from 4 to 28. 
R  ratio 
ε1  ε2  
Peak position (eV) Peak height Peak position (eV) Peak height 
4 2.79 22.88 3.66 25.36 
6 2.80 22.93 3.68 25.47 
8 2.82 22.91 3.70 25.49 
16 2.83 22.35 3.68 24.90 
28 2.87 21.40 3.75 23.79 
 
The imaginary part of the dielectric function (ε2) is analysed by Tauc-Lorentz dispersion law [15], 
which is expressed as 
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where A is the amplitude factor proportional to the density of the material, En is the peak transition energy, 
C is the broadening parameter proportional to the degree of disorder of the structure and Eg is the optical 
band gap. Table 3 summarises these parameters and refractive index at 632.8 nm (n632.8 nm) of the i-layer 
a-Si:H (or pc-Si:H) films deposited with R ratio from 4 to 28. As the hydrogen dilution ratio increases, the 
optical energy gap (Eg) increased from 1.69 eV to 1.75 eV, and refractive index (n632.8 nm) decreased from 
4.13 to 3.93. High En indicates the film containing higher hydrogen content. Therefore, dielectric constant 
peak position moves to the high energy and the optical energy gap is increased. The lower value of A 
presents the lower film density and the film contains more internal voids, resulting in decreased refractive 
index. As shown in Table 3, the films deposited with low R ratios from 4 to 8 exhibit higher A (199.7 to 
200.6 eV), lower En (3.55 to 3.57 eV), higher C (2.20 to 2.18 eV), lower Eg (1.69 to 1.7 eV) and higher 
refractive index n632.8 nm (4.13 to 4.12). Those deposited with high R ratios of 16 and 28 perform lower A 
(197.4 and 190.6 eV), higher En (3.57 and 3.62 eV), lower C (2.18 and 2.17 eV), higher Eg (1.73 and 1.75 
eV) and lower refractive index n632.8 nm (4.03 and 3.93). Increasing R ratio changes the film crystal phase 
from nearly pure amorphous to more protocrystalline, and result in increasing optical band gap and the 
order of the structure, but reducing the film density. The results indicate that there are some micro-voids 
exist in the films. 
Table 3. The Tauc-Lorentz dispersion parameters and refractive index of the i-layer a-Si:H (or pc-Si:H) films 
deposited with R ratio from 4 to 28. 
R  ratio A (eV) 
En 
(eV) 
C 
(eV) 
Eg 
(eV) n632.8 nm 
4 199.7 3.55 2.20 1.69 4.13 
6 201.1 3.55 2.17 1.70 4.13 
8 200.6 3.57 2.18 1.70 4.12 
16 197.4 3.57 2.18 1.73 4.03 
28 190.6 3.62 2.17 1.75 3.93 
3.3. Structural properties of pc-Si:H/a-Si:H multilayers 
Figure 3 illustrates the Raman spectra of the pc-Si:H/a-Si:H multilayers, and the Raman peak positions 
are summarised in Table 4. Increasing R ratio for pc-Si:H sublayer deposition from 6 to 28 shifts the 
Raman Peak at about 481 to 485 cm-1. As shown in Table 4, due to the crystal phase is dominantly 
amorphous for R6 and R8 sublayers, the peak position of M_R6_R4 and M_R8_R4 multilayers are 
typical amorphous position at 481 and 481.7 cm-1. For M_R16_R4 and M_R28_R4 multilayers, higher 
protocrystalline phase existed in R16 and R28 sublayers induces the Raman peak position shifted to high 
wavenumber of about 484.7 and 484.9 cm-1. The results demonstrate that the degree of protocrystalline 
structure can be spatially modulated by the pc-Si:H/a-Si:H multilayers with variation of R ratio for 
pc-Si:H sublayer deposition.  
Table 4. The Raman peak position of the pc-Si:H/a-Si:H multilayers. 
Sample peak position (cm-1) 
M_R6_R4 481.0 
M_R8_R4 481.7 
M_R16_R4 484.7 
M_R28_R4 484.9 
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Fig. 3. The Raman spectra of the pc-Si:H/a-Si:H multilayers. 
3.4. Optical properties of pc-Si:H/a-Si:H multilayers 
Figure 4 displays dielectric functions of the pc-Si:H/a-Si:H multilayers. The peak position and peak 
height of  and  are summarised in Table 5. Increasing R ratio for pc-Si:H sublayer deposition from 6 
to 28, the peak position and height of ε1 and ε2 are increased from 2.82 to 2.83 eV and decreased from 
23.7 to 23.0, and are increased from 3.70 to 3.98 eV and decreased from 26.6 to 24.1. The results further 
confirm that more protocrystalline phase existed in multilayers will also result in the peak position shifted 
to high energy and the reduction of peak intensity.  
Table 5. The peak position and peak height of  and  of the pc-Si:H/a-Si:H multilayers. 
Sample 
ε1  ε2  
Peak position 
(eV) 
Peak height Peak position 
(eV) 
Peak height 
M_R6_R4 2.82  23.7  3.70  26.6  
M_R8_R4 2.81  23.4  3.70  26.1  
M_R16_R4 2.82  23.4  3.68  26.1  
M_R28_R4 2.83  23.0  3.98  24.1  
 
Fig. 4. (a) ε1 and (b) ε2 of the pc-Si:H/a-Si:H multilayers. 
Table 6 summarises the Tauc-Lorentz dispersion parameters and refractive index at 632.8 nm (n632.8 nm) 
of the pc-Si:H/a-Si:H multilayers. Increasing R ratio for pc-Si:H sublayer deposition from 6 to 28, the 
density factor A, the peak transition energy factor En, the structural disorder factor C, the optical energy 
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gap (Eg) and refractive index (n632.8 nm) are decreased from 207.3 to 204.7 eV, fixed at 3.57 eV, decreased 
from 2.24 to 2.14 eV, increased from 1.68 to 1.73 eV and decreased from 4.20 to 4.10, respectively. More 
protocrystalline phase existed in multilayers increases the optical energy gap and reduces the density of 
the multilayers. The variation of protocrystalline phase can be sensitively analysed by Tauc-Lorentz 
dispersion parameters. 
Table 6. The Tauc-Lorentz dispersion parameters and refractive index of the pc-Si:H/a-Si:H multilayers. 
Sample A (eV) En (eV) C (eV) Eg (eV) n632.8 nm 
M_R6_R4 207.3 3.57 2.24 1.68 4.20  
M_R8_R4 205.7 3.57 2.21 1.69 4.18  
M_R16_R4 207.6 3.56 2.17 1.71 4.15  
M_R28_R4 204.7 3.57 2.14 1.73 4.10 
3.5. I-V properties of the solar cells 
Figure 5 demonstrates the I-V curves of the p-i-n solar cells with i-layer of single-layer of a-Si:H or 
pc-Si:H films (C_R4, C_R6, C_R16, and C_R28), and of pc-Si:H/a-Si:H multilayers (C_M_R6_R4, 
C_M_R8_R4, C_M_R16_R4 and C_M_R28_R4).  
 
Fig. 5. (a) I-V curves and (b) P-V curves of the solar cells. 
Table 7. I-V curves of p-i-n solar cells with i-layer of single-layer of a-Si:H or pc-Si:H films (C_R4, C_R6, C_R16, 
and C_R28), and of pc-Si:H/a-Si:H multilayers (C_M_R6_R4, C_M_R8_R4, C_M_R16_R4 and C_M_R28_R4). 
Sample Voc (V) Jsc (mA/cm2) FF (%) (%) 
C_R4 0.81  13.5  66.2  7.28  
C_R6 0.81  12.7  66.9  6.84  
C_R16 0.80  11.1  58.1  5.12  
C_R28 0.80  9.9  54.2  4.32  
C_M_R6_R4 0.81  13.0  66.8  6.99  
C_M_R8_R4 0.80  12.4  63.9  6.38  
C_M_R16_R4 0.81  11.5  54.6  5.12  
C_M_R28_R4 0.80  11.0  52.1  4.59  
 
Table 7 summarises the open-circuit voltage (VOC), short-circuit current density (JSC), fill factor (FF) 
and the energy transfer efficiency () of these cells. In general, increasing R for both single and multi-
layer i-layer cells deposition reduces the values of ISC, FF, and . High optical energy gap and low film 
density of more protocrystalline structure result in low ISC, FF, and . As the protocrystalline phase of 
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i-layer is increased, there are accompanied the formation of many micro-voids in the films, which reduces 
the film density. These micro-voids defect centres recombine photo-generated carriers to lower ISC, FF, 
and . For single i-layer cells, better cells qualities are obtained with lower R (4 and 6), the cells have 
higher FF of above 60% and higher JSC, leading to the higher efficiencies of 7.28 and 6.84%. By contrast, 
for higher R (16 and 28), cells have low qualities including lower fill factor of less than 60% and lower 
JSC, leading to lower efficiencies of 5.12 and 4.32%. For pc-Si:H/a-Si:H multilayers i-layer cells, lower R 
(6 and 8) for pc-Si:H sublayers deposition has also higher FF over 60%, higher JSC and efficiencies of 
6.99 and 6.38%. By contrast, higher R (16 and 28) for pc-Si:H sublayers deposition, cells has also the low 
qualities including lower FF of less than 60% and lower JSC, leading to lower efficiencies of 5.12 and 
4.59%. These results illustrate that more protocrystalline phase is unfavourable for collection of photo-
generated carriers. High defect densities increase the recombination of carriers, thus the JSC and FF are 
significantly reduced. It is noted that lower performance of single pc-Si:H i-layer cell (C_R16 and C_R28) 
can be improved by using pc-Si:H/a-Si:H multilayers as the i-layer (C_M_R16_R4 and C_M_R28_R4).  
3.6. Photodegradation  properties of the solar cells 
Figure 6 presents the quantum efficiency (QE) curves before and after photodegradation of single i-
layer solar cells. The difference of QE between before and after photodegradation is at the long-
wavelength region from 500 to 700 nm. The photodegradation effect is mainly due to the recombination 
of carriers generated by long-wavelength photons. Notably, for low R4 and high R28 cells, the 
degradation of QE is more serious than that of the cells of middle R6 and R16. Since the QE is measured 
under short-circuit condition, the degradation of QE is corresponding the degradation of JSC. The results 
indicate that there is an optimised protocrystalline structure for reducing the degradation of JSC. 
 
Fig. 6. The QE curves of (a) C_R4, (b) C_R6, (c) C_R16 and (d) C_R28 solar cells before and after photodegradation. 
 
Figure 7 shows the QE curves before and after photodegradation of pc-Si:H/a-Si:H multilayers i-layer 
solar cells. The difference of QE between before and after photodegradation is also at the long-
wavelength region from 500 to 700 nm. For cells with low R6 and high R28 pc-Si:H sublayers, the 
degradation of QE is more serious than that of the cells with middle R8 and R16 pc-Si:H sublayers. In 
this work, the optimised protocrystalline structure for reducing the degradation of JSC is C_M_R8_R4. 
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Fig. 7. The QE curves of (a) C_M_R6_R4; (b) C_M_R8_R4; (c) C_M_R16_R4 and (d) C_M_R28_R4 solar cells 
before and after photodegradation. 
Table 8. The photodegradation rates of FF, JSC, and VOC of the solar cells. 
Sample 
Photodegradation rate (%) 
η FF Jsc  Voc  
C_R4 22.8 14.3 10.0 0 
C_R6  18.0 12.2 7.1 0 
C_R16  12.0 4.4 9.7 0 
C_R28 9.7 2.0 10.1 0 
C_M_R6_R4 18.0 11.2 8.0 0 
C_M_R8_R4 13.9 8.4 7.3 0 
C_M_R16_R4 10.4 0.9 12.1 0 
C_M_R28_R4 8.4 0.2 13.3 0 
 
Table 8 summarises the photodegradation rates of FF, JSC, and VOC of the cells. In general, 
increasing R ratio to increase protocrystalline structure reduces the photodegradation rate of  and FF, 
and no photodegradation of VOC. Low photodegradation of JSC could be obtained for middle R ratio 
deposition films. Comparison with the data shown in Table 7, the cells with low protocrystalline phase 
have the initial FF higher than 60%, which have high photodegradation rates of and FF. On the 
contrary, those cells with high protocrystalline phase have the initial FF lower than 60%, which have low 
photodegradation rates of  and FF. The cells with high protocrystalline phase already have many defects 
to recombine the carriers, thus the initial FF is low. There is no significant effect on photodegradation by 
the new generation of defects due to light illumination. From the photodegradation rates of  shown in 
Table 8the cells using pc-Si:H/a-Si:H multilayers as i-layer can obtain lower photodegradation rate than 
those using single-layer pc-Si:H i-layer. Increasing R from 6 to 28 could suppress the photodegradation of 
efficiency (η) of the pc-Si:H/a-Si:H multilayers solar cells from about 18% to 8.4%. However, increasing 
R also reduces the initial efficiency from 6.99% to 4.59%. The amount of protocrystalline phase in pc-
Si:H/a-Si:H multilayers can be gradually increased by increasing R ratio, and the photodegradation rate is 
also gradually reduced. Since high protocrystalline phase will reduce the initial efficiency. The optimised 
performance of pc-Si:H/a-Si:H multilayers solar cells shall be controlled by suitable protocrystalline 
phase. 
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4. Conclusions 
The gradual change the amount of protocrystalline phase could be well controlled by the pc-Si:H/ 
a-Si:H multilayers. The Raman spectra and dielectric function and optical properties measured by 
spectroscopic ellipsometer can sensitively identify the variation of protocrystalline phase of the films. 
Increasing R ratio can obtain more protocrystalline structure in the films with high optical energy gap and 
low film density, which results in low photodegradation rate but low initial energy efficiency. Therefore, 
the optimised performance of pc-Si:H/a-Si:H multilayers solar cells for obtaining good stability and 
efficiency shall be controlled by suitable protocrystalline phase. 
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